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(57) ABSTRACT

A method for detection and identification of defects 1n a
weld seam created using a laser beam.

According to this method, at least two measurement signals
are acquired in real time delivered by optical sensors (C1 to
C6) detecting variations in luminous intensity of the plasma
formed by the laser beam (14). These signals are then
combined by applying a mathematical operation. The com-
bined signal obtained is then compared to a predetermined
threshold. Depending on the result of this comparison, a
determination 1s made of the presence or absence of a defect
corresponding to the operator used.

55 Claims, 4 Drawing Sheets
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METHOD FOR DETECTING AND
IDENTIFYING DEFECTS IN A LASER BEAM
WELD SEAM

TECHNICAL FIELD

The 1nvention relates to a procedure developed for non-
destructively detecting, localizing and 1dentifying in real
fime any defects present in weld seams made by one or a
plurality of laser beams.

More particularly, the invention relates to a method for
detecting and 1dentifying defects, which makes use of opti-
cal sensors sensifive to variations 1n luminous intensity of
the plasma that forms i1n the region of the weld under the
effects of the laser beam(s).

The mvention 1s applicable to welding of parts of any type
of metal such as parts made of aluminum alloy, titanium
alloy, mox steel, etc. In particular, it can be uftilized to
ispect edge-to-edge welding of two metal sheets, welding
of a stud on a metal sheet ('I-joint, double filet weld), etc.

I

Further, the invention can be adapted to different welding,
configurations. Thus, it related to all types of welding using
one or a plurality of lasers, YAG, CO,, etc. with or without
filler material.

The defects that can be detected and identified using the
method according to the invention are internal or external
defects considered hazardous to the weld seam. The absence
of interpenetration of the weld line 1n the case of T-joints or
double filet joints, filler wire problems, presence of holes or
bubbles, the existence of geometric defects, etc. can be cited
by way of non-limiting example.

State of the Art

In the aeronautical industry, assembly of different pieces
such as the sheet metal forming the exterior hull (fuselage,
wing system, etc.) of an aircraft as well as the internal
T-jo1nts, 1s usually done using rivets. The replacement of
conventional riveted assemblies with welded assemblies
represents a noteworthy advance, 1n particular 1 terms of
mass, acrodynamics and manufacturing time.

In order not to deform the covering sheet metal 1n the case
of a stud sheeting, replacement of riveted assemblies with
welded assemblies requires the utilization of laser welding.
In fact, this technique allows 1ncreased work speed without
incurring noteworthy deformations.

In the hypothesis wherein the laser welding method would
be used 1nstead of conventional rivet assembly, efficient and
reliable means should be available for mspecting the weld
scams and 1denfifying any defects detected 1n order to be
able to quickly correct them. The 1inspection means must be
non-destructive and allow, insofar as possible, real time
acquisition of the data enabling inspection; that 1s, directly
at the time of passage of the welding head.

There are inspection systems or weld monitoring systems
realized by one or a plurality of lasers, which use opftical
sensors for measuring the temperature of the weld seam. The
monitoring system commercialized under the name JURCA
“LWM 900” comprises the two types of sensors. The moni-
toring system commercialized under the PROMOTEC
“Welding Monitor FP 1000” comprises only sensors sensi-
five to variation 1n luminosity of the plasma.

The majority of these existing welding monitoring sys-
tems find applications in the automotive industry and are
intended for inspecting weld seams done between pieces of
steel. The means for processing the signals delivered by the
sensors are conceilved essentially as a function of the
response of the sensors to that material. They are totally
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inappropriate for materials of other types and particularly for
alloys of titanium or aluminum used 1n other industries such
as the aeronautical industry. Furthermore, the means for
processing the signals used 1n these known welding moni-
toring systems do not have the precision and reliability
required 1n the context of the latter industry.

Otherwise the welding monitoring systems used today in
the automotive industry use unwieldy sensors, placed in the
immediate proximity of the welding head. Such operations
limit the number of sensors and consequently, the number of

measurement signals available to assure the detection of
defects.

Among the existing welding monitoring systems, one can
also cite the systems described 1n the documents U.S. Pat.
No. 5,329,091, U.S. Pat. No. 5,651,903 and U.S. Pat. No.
5,272,312,

According to U.S. Pat. No. 5,329,091, the ultraviolet
radiation of the plasma produced by the laser beam 1is
detected by a sensor placed near the welding point and
equipped with an appropriate filter. The analog signal sup-

plied by the sensor 1s compared to a threshold and given a
value of 1 or 0, depending on whether it 1s higher or lower
than said threshold. Then the periods are selected, wherein
the signal 1s equal to O over their durations. This system
enables detecting certain defects. However, 1t does not

enable 1dentification with certainty or entirely.
According to U.S. Pat. No. 5,651,903, a first opftical

sensor monitors the variations in the ultraviolet emissions of
the plasma and a second optical sensor measures the varia-
tions in temperature of the weld secam downstream of the
welding region. Then, the zones 1n which the variations in
signals sent by the two sensors are maximal are determined
and, when the zones are substantially the same, the signals
are compared to signals characteristic of certain defects 1n
order to emit a fault signal when a defect 1s detected. As 1n
the above case, this system cannot detect, much less distin-
cuish 1n a reliable manner all of the possible defects present
in the welding secam.

According to U.S. Pat. No. 5,272,312, two optical sensors
are used oriented towards the plasma formed by the laser
beam and respectively monitor the ultraviolet and infrared
radiation. Any defects are detected by individually process-
ing the signal supplied by each of the sensors. Discrimina-
tion between the different types of defects 1s not reliably
assured.

Disclosure of the Invention

The object of the invention 1s a method enabling real-
time, reliable and reproducible detection and identification
of possible defects present 1n laser weld seams.

According to the invention, this result 1s obtained by
means of a method for detecting and identifying defects at
the time the welding seam 1s realized using at least one laser
beam forming a plasma in a welding region, using which at
least two measurement signals are supplied 1n real time by
separate optical sensors that detect variations 1n luminosity
of the plasma, characterized in that the measurement signals
are combined by applying to them at least one mathematical
operator suitable for detection of a corresponding defect; 1n
order to obtain at least one combined signal, each combined
signal 1s compared to a predefined threshold and the pres-
ence or absence of the defect 1s diagnosed corresponding to
cach mathematical operator using the result of the compari-
son

The applicant has established that the combination of
signals assured by the application of certain particularly
simple mathematical operators enables the different defects
to be distinguished from each other at will.
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In one preferred embodiment of the invention, the math-
ematical operator 1s chosen from the group comprising
addition, subtraction, multiplication, division and a combi-

nation of these operations.

A first application of the invention relates to soldering of
a T-joint on a plate using two laser beams placed on one side
and on the other of the joint.

In this application, two groups of at least one optical
sensor or two groups of at least two optical sensors that
detect variations i1n the luminous intensity of the plasma 1n
the different optical bands; disposed on either side of the
joint, the optical sensors of the two groups are 1dentical.

When two groups of at least one sensor 1s used, preferably
the measurement signals supplied by one sensor of each
ogroup are added and the presence of a separation or weld
interpenetration fault due to the lack of laser beam power
when the result 1s lower than a first predefined threshold.

When two groups of at least two sensors are used,
advantageously firstly the measurement signals supplied by
a first pair of 1dentical sensors are added and then the
measurement signals supplied by a second pair of 1dentical
sensors are added, the one of the two sums obtained i1s
multiplied by the other sum and a weld seam interpenetra-
tion defect 1s determined due to a defect other than the
inadequacy of laser beam power, when the result 1s greater
than the second predefined threshold.

Generally, the joint and the plate are positioned 1n
advance relative to each other by welding points. Preferably,
two groups of at least one sensor are then used, one of the
measurement signals supplied by two identical sensors 1s
divided by the other and the presence of defective previously
positioned welding points are detected, when the result 1s
oreater than a third predefined threshold.

When two groups of at least two sensors are used,
advantageously firstly the measurement signals supplied by
a first pair of identical sensors are added and then the
measurement signals supplied by a second pair of 1dentical
sensors are added, the one sum obtained 1s divided by the
other and an inadequate width of the welding seam 1is
detected, when the results of the division 1s less than a fourth

predefined threshold.

Another application of the invention relates to edge-to-
cdge welding of two plates using a laser beam.

In this case, at least two optical sensors are advanta-
geously used that detect variations of luminous intensity of
the plasma i1n the different optical bands, the one of the
measurement signals supplied by the two sensors 1s divided
by the other and an inadequate thickness of the welding
scam 15 detected when the result 1s greater than a second
threshold, greater than the first.

In the preferred embodiment of the invention, the mea-
surement signals are acquired by means of at least one group
of three sensors, the sensors of each group detecting varia-
tions of luminous intensity of the plasma in a principally
ultraviolet frequency band, a principally visible frequency
band, and a principally infrared frequency band, respec-
fively.

According to another aspect of the invention, optical
sensors, so-called “plasma sensors”, are used each one
comprising one fiberoptic, whose first end 1s placed in the
vicinity of the welding region and an optical filter being
placed 1n the extension of the second end of the fiberoptic
and a photodiode placed on the face of the second end of the
fiberoptic, on the other side of the {ilter.

In this case, the first end of the fiberoptic 1s placed
preferably at approximately 10 cm from the welding region.
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Advantageously, a supplementary measurement signal 1s
acquired by means of another optical sensor called the
“thermal sensor”, which detects the variations in thermal
energy ol the welding seam upstream of the welding region.

In this case, the thermal sensor comprises another
fiberoptic, whose first end 1s placed downstream of the
welding region and oriented towards the weld seam and a
photodiode sensitive to thermal radiation 1s placed 1n the
extension of the second end of the other fiberoptic.
Otherwise, an optical focussing means such as lens 1s place
at the first end of said fiberoptic. The first end of said
fiberoptic 1s thus placed preferably at a distance between
approximately 10 cm and 20 cm from the welding zone. The
measurement zone having a diameter of between 1 and 3
mm 1s preferably disposed between 5 mm and 5 cm behind
the welding zone depending on the material being welded.

In the preferred embodiment of the imnvention, the mea-
surement signals are combined and are compared to said
predefined thresholds after said signals have been acquired
in real time for the welding seam being considered.

In this case, advantageously the mean value, the standard-
1zed mean value, then the standard deviation of each mea-
surement signal, 1s calculated and a qualitative wrregularity
of the weld seam 1s diagnosed, when the standard deviation
exceeds a predefined value.

Thus, one can then compare the mean value of each
measurement to the previous mean values of said signal
recorded for a given number of welding seams previously
ispected and diagnoses a derivative from the measurement
apparatus when the average value of the signal varies by at
least about 30% relative to the preceding mean values.

BRIEF DESCRIPITION OF THE DRAWINGS

A non-limiting exemplary preferred embodiment of the
invention will now be described with reference to the

annexed drawings, wherein

FIG. 1 1s a perspective view schematically representing a
laser welding apparatus used for soldering a T-joint onto a
plate and equipped with a defect detection and 1dentification
system 1implementing the method according to the invention;

FIG. 2 1s a side view schematically representing the
position of the thermal sensor relative to that of the plasma
SENSOrS;

FIG. 3 1s a flow chart explaining the different processing
steps of the measurement signals 1n the defect detection and
identification system of FIG. 1;

FIGS. 4A to 4C are the curves that represent, in three
particular applications, the comparison of the combined
measurement signals compared to predefined threshold val-
ues according to the invention.

DETAILED DISCLOSURE OF A PREFERRED
EMBODIMENT OF THE INVENTION

As represented schematically in FIG. 1, the invention
relates to the real-time, non-destructive inspection of the
quality of a welding realized between two pieces 10 and 12
using one or a plurality of lasers 14 (represented by the
arrows in FIG. 1.). As illustrated by way of non-limiting
example, the piece 10 can be a substantially flat or slightly
curved metal plate and the piece 12 can be a stud that 1s to
be welded onto the inside face of the metal plate 10 by
means of two laser beams 14 disposed on either side of the
stud 12. The invention, however, also relates to other types
of assemblies such as edge-to-edge assembly of two metal
plates, etc.
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In other respects, the pieces 10 and 12, whose welding 1s
to be inspected, are metallic pieces what can be made of
different metals such as alloys of aluminum, alloys of
titanium, 1nox steels, etc.

The laser(s) 14 used for welding together the pieces 10
and 12 can be comprised of any type of laser conventionally
used 1n the industry for welding the concerned materials.

According to one common method, called point or tack
welding, the pieces 10 and 12 that are to be assembled by
welding are generally positioned 1n advance relative to each
other by welding points (not shown).

Welding of pieces 10 and 12 1s done by a welding machine
(not shown) that includes a welding head disposed in
proximity to the pieces 10 and 12 to be welded and means
for assuring relative displacement between said welding
head and the pieces along a predefined welding line. These
different elements are well-known to the specialist 1in the art
and are not part of this invention. For a better understanding,
it 1s simply recalled here that the welding head integrates in
particular optical systems allowing directing the laser beam
(s) onto the welding region; a filler metal feeder device for
the filler metal required for welding and one or a plurality of
jets, through which a neutral gas such as argon or helium 1s
sent to the welding zone.

According to the invention, a control or monitoring sys-
tem 1s 1ncorporated in the welding machine and enables
detecting, localizing and identifying in real-time; that 1s at
the time of passage of the welding head, any defects in the
weld made.

In the preferred embodiment of the invention 1illustrated
schematically 1n FIG. 1, the inspection system comprises
sever optical sensors, C1 to C7, as well as the means 10 for
acquiring and treatment of measurement signals provided by
cach of these captors. In other applications, the number
optical sensors used can, however, be different from seven
and can comprised any number greater than or equal to
seven and comprised on any number greater than or equal to
two without departing from the context of the invention.

The C1 to C6 sensors are so-called plasma sensors that
detect the variations in luminous intensity of the plasma
formed by the laser beams 14 1n the welding region. To do
this, each of the C1 to C6 sensors 1s mounted on the welding
head and oriented towards the point of 1impact of the laser
beam on the pieces 10 and 12.

Each of the C1 to C6 plasma sensors comprises a fiberop-
tic 16-1 to 16-6, respectively, whose first end 1s situated in
proximity to the welding region and oriented towards said
region; that 1s, towards the point of 1mpact of the laser beam
14 on the pieces 10 and 12. More precisely, the fiberoptics
16-1 to 16-3 are arranged alongside the stiffener 12 and
oriented towards the plasma formed by the laser beam 14
directed towards that same side, whilst the fiberoptics 16-4
to 16-6 are disposed on the other side of the stiffener 12 and
oriented towards the plasma formed by the laser beam 14
directed towards said other side. In order to avoid projec-
tions of molten metal as well as the high heat released at the
time of welding, the first end of each of the fiberoptics 16-1
to 16-6 1s disposed approximately 10 cm from the welding
region.

The optical fibers 16-1 to 16-6 are, for example, step-
index PMMA fibers. This type of fiber has the particular
advantage of having a significant numerical aperture allow-
ing the entirety of the plasma to be observed as well as good
transmission of the observed wavelengths.

Each of the C1 to Cé6 sensors comprises 1n addition a
respective optical filter 18-1 to 18-6 arranged 1n the exten-
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sion of the opposite end of the corresponding fiberoptic.
More particularly, the fiberoptics 18-1 and 18-4 and the
sensors C1 and C4 allow passage mainly of a band of
frequencies corresponding to the ultraviolet radiation, the
filters 18-2 and 18-5 of the sensors C2 and CS§ allow passage
mainly of a band of frequencies corresponding to visible
radiation, and the filters 183 and 18-6 allow passage mainly
of a band of frequencies corresponding to infrared radiation.

Each of the C1 to C6 sensors comprises, 1n addition,
respectively a photodiode 20-1 to 20-6 disposed facing the
second end of the corresponding fiberoptic on the other side
of the filter. The photodiodes transform the optical signals
that they receive mto electrical signals. These latter signals
comprise the measurement signals supplied by the captors
C1 to C6. The photodiodes 20-1 to 20-6 are, for example,

silicon photodiodes sensitive 1n the range of 0.3 to 1.1 um.

In the configuration just described, utilization of fiberop-
tfics 16-1 to 16-6 allows disposing of an increased number
sensors, while reducing to a maximum the space require-
ment of the inspection system 1n the vicinity of the welding
region. In fact, the relatively voluminous elements such as
the filters and the photodiodes can be installed outside of
said zone.

This configuration also enables acquiring measurement
signals representing a large number of different magnitudes
(six 1n the example described), which contributed to increas-
ing the information enabling detection of possible defects
and to distinguish them from each other.

The seventh optical sensor C7, being optional, 1s a ther-
mal sensor that detects the variations 1n the thermal energy
of the welding seam behind the welding zone; that 1s, behind
the point of impact of the laser beam 14 on the pieces 10 and

12.

In more precise fashion and as represented in particular 1n
FIG. 2, the thermal sensor C7 also comprises an optical filter
16-7. A first end {1 this fiberoptic 16-7 1s oriented towards the
welding seam S formed behind the welding region on one
side of the stiffener 12. More precisely, the first end of the
fiberoptic 16-7 1s oriented towards a point of the welding
seam S situated at a distance L, between 5 mm and 1 cm,
behind the welding region. In fact, the other positions of the
measuring point do not allow obtaining usable signals.

The end of the fiberoptic 16-7 turned facing the welding
scam S 15 equipped with a focussing means 22-7 such as a
20 mm focal lens enabling limiting the observation zone of
the C7 sensor to a circle of approximately 1 to 3 mm 1in
diameter and placing the end of the fiber equipped with its
focussing system approximately between 10 and 20 cm from
the welding zone.

The fiberoptic 16-7 1s a silicon fiber having low attenu-
ation in the near infrared (between 1 and 1.8 um). A
photodiode 20-7 1s disposed facing the end opposite to the
fiberoptic 16-7. This photodiode 20-7 transforms the optical
signals routed by the fiberoptic 16-7 into electrical signals
that also comprise measurement signals according to the
invention. The spectral response of the photodiode 20-7
varies, for example, between 0.8 and 1.8 um. In this case, an
optical filter 18-7 1s also interposed between the optical fiber
16-7 and the photodiode 20-7 1n order to block the radiation
wavelength lower than 1 um so that the sensor C7 does not
pick up the light emitted by the plasma.

An electronic bandpass filter (not shown) is arranged at
the output of each of the photodiodes 20-1 to 20-7 1n order
to suppress any parasites in the processed signals.

The measurement signals supplied by each of the sensors
C1 to C7 are transmitted to the acquisition and processing,
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means 10. These means, which 1n particular include a
computer, can be installed anywhere, whether 1n the prox-
imity of the welding head or not.

As represented schematically 1in FIG. 3, the signal acqui-
sition and processing means 10 for the measurement signals
perform a certain number of operations 1n succession, which
will now be described 1n detail.

When a first step E1, which 1s effected simultaneously
with the realization of the welding seam S by the laser beam
14, the seven measurement signals supplied by the sensors
C1 to C7 are registered.

A second step, shown as E2 1in FIG. 3, 1s effected when the
welding seams S are finished. In this step, for each of the
measurement signals, the overall mean value of this signal
over the enfire duration of measurement 1s calculated cor-
responding to the realization of the welding seam S being
considered. Then the standardized mean of each measure-
ment signal by bringing this signal to the unity. Thus,
particularly problems deriving offsets in the measurements
owing to the differences in relative positioning of the sen-
sors. The overall mean value and the standardized mean
value of each of the signals are recorded in a file, 1n which
the history 1s saved in memory of all of the inspections
performed.

With the step E3, verification 1s made that there are no
unacceptable slips 1n the inspection system. For this
purpose, the overall mean of each of the measurement
signals that has been calculated 1s compare to the overall
means of these signals recorded at a certain number of
corresponding measurements made previously. By way of
example, the five last-recorded values are compared. When
this comparison reveals a deviation 1n excess of a predefined
threshold (for example, 30%), the operator is alerted by
release of an alarm. This alarm can be of any kind (visual,
acoustic, etc.).

At the time of the following step, 1dentified by reference
E4 1in FIG. 3, each of the seven measurement signals 1s
standardized. This operation 1s don by dividing the instan-
taneous value of each signal by the mean value of this signal
calculated 1n step E2. Then the standard deviation 1s calcu-
lated for each of the measurement signals using the stan-
dardized signals.

With the following step ES, verification 1s made that the
value of the standard deviation of each measurement signal
that has been calculated does not exceed a predefined
threshold proper to this signal. If the predefined threshold 1s
exceeded, the operator 1s alerted by release of an alarm. This
alarm can be of any kind (visual, acoustic, etc.). In fact,
exceeding this threshold reveals a welding quality that varies
excessively over its entire length.

The program passes then to a step E6, essentially accord-
ing to the invention, in the course of which the different
standardized measurement signals are processed 1n such a
fashion as to detect, localize and identify the different
defects possible present 1n the welding that has just been
carried out.

In the course of this step E6, at least one simple math-
ematical operator 1s applied to one group or a plurality of
groups of at least two standardized measurement signals 1n
such a fashion as to obtain one signal or a plurality of
combined signals. Each operator and the group of signals to
which it 1s applied are mtegral t the detection of a particular
type of defect, as illustrated in the examples that will be
described 1n the following.

Each combined signal obtained by the application of a
particular operator 1s then compared 1n E7 to a predefined
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threshold, which depends also on the operator and,
consequently, on the type of defect to be detected. When the
combined signal reaches this threshold (that is, when it
becomes greater than this threshold, when it corresponds to
a maximal value or when 1t becomes less than this threshold,
when it corresponds to a minimal value), the operator is
informed of the occurrence of an anomaly, of a detection of
a defect and of 1ts nature. This information can be assured by
any means such as a visual, acoustic or other type of alarm,
display, efc.

The results obtained by the application of these different
processes are finally edited 1n the form of a summary report
as indicated 1 E8 1n FIG. 3. The summary report indicates
in particular if the welding 1s acceptable or not, if certain
controls must be changed on the welding machine, etc.

In the particular case, illustrated in FIGS. 1 and 2, of a
welding of a stiffener 12 on a metal plate 10 different
processes capable of being carried out in step E7 will now

be described by way of example, when using the seven
sensors C1 to C7.

Using a first treatment, the standardized measurement
signals derived from the sensors C1 and C4 or C2 and C5 are
added. The operator 1s then simple addition. Then the
combined signal obtained 1s compared to a predefined
threshold. If the previously calculated sum 1s less than the
threshold over part of the length of the welding seam S, this
means that 1n this zone there 1s an inadequate iterpenetra-
fion of at of these welding seams and that this defect is
caused by 1nsufficient laser beam power. This information 1s
then brought to the attention of the operator in some appro-
priate form.

FIG. 4A 15 a plotting obtained at the time of a trial by
applying this first treatment on the base of the standardized
measurement signals supplied by sensors C1 and C4. In this
plotting the abscissa shows the distance (in mm) traveled
along the welding seam and on the ordinate the combined
signal SC1 corresponding to the sum of the standardized
measurement signals supplied by the sensors C1 and C4. It
can be seen that this combined signal SC1 1s lower than the
lower threshold SI1 in the part of the welding seams situated
between 900 mm and 1350 mm. It 1s deduced from this that
the interpenetration of the seams 1s 1nsufficient 1n this zone
by reason of msuflicient laser beam power.

According to a second process, a mathematical operator
that adds on the one hand the signals supplied by the sensors
C1 and C4 and on the other hand the signals supplied by the
sensors C2 and C§ 1s applied to the standardized measure-
ment signals supplied by the sensors C1, C2, C4 and C5;
then the one sum 1s multiplied by the other sum. The
combined signal obtained by applying this operator 1s then
compared to a second predefined threshold. If this threshold
1s exceeded, 1t 1s deduced therefrom that there 1s inadequate
interpenetration of the two welding seams S due to a
problem other than insufficient laser beam power. This other
problem can be, for example, 1nsuificient filler metal. As 1n
the previous case, the corresponding information 1s brought
to the attention of the user.

According to a third process, an operator consisting of
division 1s applied to the standardized measurement signals
supplied by the sensors C1 and C4. In other words, the
standardized measurement signal 1ssued from the sensor C1
1s divided by the standardized measurement signal 1ssued by
the sensor C4. The combined signal thus obtained 1s then
compared to a third greater threshold. If the comparison
reveals that the combined signal exceed this third threshold,
it 1s deduced therefrom that the tacking or pointing of the




US 6,937,329 B2

9

pieces 1s deficient. The corresponding information 1s
brought to the attention of the user in any appropriate form.

Finally, according to a fourth process, on the one hand the
sum of the standardized measurement signal supplied by the
sensors C1 and C4 and on the other hand the sum of the
standardized measurement signals from the sensors C2 and
CS 1s calculated. Then the first of these sums 1s divided by
the second, after which the combined signal thus obtained is
compared to a fourth lower threshold. When this comparison
reveals that the combined signal thus calculated is less than
this fourth threshold, it 1s deduced therefrom that the weld-
Ing secams S are too narrow. The corresponding information
1s brought to the attention of the user 1n any appropriate
form.

The same defect can be detected by applying an operator
comparable to the aforesaid operator, 1n which the two sums
are replaced by two multiplications. Then the combined
signal thus obtained 1s then compared, by dividing the one
by the other of the results of these two multiplications, to a
predefined lower threshold.

As has already been indicated, the mmvention also relates
to other welding types. Thus, it can also be used in the case
of edge-to-edge welding of two metal plates by a single laser
beam.

In this case, for example at least two plasma sensors are
used that detect the variations 1n luminous intensity of the
plasma 1n different optical bands. The standardized mea-
surement signals supplied by these sensors can then be
divided by each other to produce a combined signal, which
1s then compared to a predefined lower threshold and/or to
a predefined higher threshold.

When the combined signal 1s less than the lower
threshold, 1t 1s deduced therefrom that the welding seam has
a hollow part 1n the concerned zone. When, 1n contrast, the
combined signal 1s greater than the higher threshold, 1t is
deduced therefrom that the welding seam 1s incomplete.

FIGS. 4B and 4C represent the results of trials conducted
with edge-to-edge welding of two 1nox steel plates and with
cdge-to-edge welding of two titanium alloy plates. In the
two cases, welding was realized using a CO,, laser. As shown
in FIG. 4A, the distance (in mm) along the welding seam is
on the abscissa and the value of the corresponding signal
relation corresponding to the combined signal 1s on the
ordinate.

In the case of FIG. 4B, the combined signal SC2 exceed
the predefined higher threshold SS2 in the part of the
welding seam corresponding to a distance greater than 270
mm. It 1s deduced therefrom that the welding seam 1is
incomplete 1n this zone.

In the case of FIG. 4C, the combined signal SC3 1s less
than the predefined lower threshold SI3 between 301 mm
and 340 mm and greater than the predefined higher threshold
SS3 of 340 mm to 392 mm. It 1s deduced therefrom that the
welding seam has a hollow part 1n the first zone and a
non-welded part 1n the second zone.

In a general fashion, the mathematical operator used
according to the 1nvention is a simple operator comprised of
addition, subtraction, multiplication, division or any com-
bination of these different operations. The number of sensors
used can also be any number, greater than or equal to two.

What 1s claimed 1s:

1. A method for detecting and 1dentification of defects at
the time of realizing a welding seam (6) by means of a laser
beam (14) forming a plasma in a welding region, according
to which at least two measurement signals are acquired in
real time, said signals bemng supplied by distinct optical
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sensors (C1 to C6) that detect the variations in luminous
intensity of the plasma, characterized in that the measure-
ment signals are combined by applying to them at least one
mathematical operator suitable for detecting a correspond-
ing defect, 1n order to obtain at least one combined signal;
cach combined signal 1s compared to a predefined threshold
and the presence or absence of a defect 1s diagnosed that
corresponds to each mathematical operator according to the
result of the comparison.

2. A method according to claim 1 1n which the math-
ematical operator 1s chosen from the group comprising
addition, subtraction, multiplication, division and a combi-
nation thereof.

3. A method according to claim 2 applied to welding of a
stiffener (12) onto a metal plate (1) using two laser beams
(14) arranged on either side of the stiffener, wherein two
groups of at least one optical sensor (C1, C2, C3, C4, (5,
C6) are used and disposed on either side of the stiffener; said
optical sensors of the two groups being identical, the mea-
surement signals supplied by one sensor of each group are
added and the presence of an insuflicient interpenetration of
the welding seams owing to msuflicient laser beam power 1s
detected when the result 1s lower than a predefined first
threshold.

4. A method according to claim 2, applied to welding of
a stiffener (12) onto a metal plate (10) using two laser beams
arranged on either side of the stiffener, wherein two groups
of at least two optical sensors (C1, C2, C3; C4, C5, C6) are
used and detecting variations 1n luminous intensity of the
plasma 1n different optical bands; said optical sensors of the
two groups being identical, the measurement signals sup-
plied on the one hand by a first pair of 1dentical sensors are
added and on the other hand the measurement signals
supplied by a second pair of 1dentical sensors are added; the
one sum 1s multiplied by the other sums so obtained and an
inadequate 1nterpenetration of the welding seams 1s
detected, which due to a defect other than insufficient laser
beam power, when the result 1s greater than a predefined
second threshold.

5. A method according to claim 2, applied to soldering of
a stiffener (12) onto a metal plate (10) using two laser beams
(14) arranged on either side of the stiffener, the stiffener and
the metal plate being positioned 1in advance relative to each
other by welding points, wherein two groups of at lest one
optical sensor (C1, C2, C3; C4, C5, C6) arc used and
disposed on either side of the stiffener, the one of the two
ogroups ol optical sensors of being identical, the measure-
ment signals supplied by two 1dentical sensors being divided
by each other and the presence of previously positioned
welding points being detected as deficient, when the result
1s greater than the third predefined threshold.

6. A method according to claim 2, applied to welding of
a stiffener (12) onto a metal plate (10) using two laser beams
(14) placed on either side of the stiffener, wherein two
groups of at least two sensors (C1, C2, C3; C4, CS5, C6) are
used that detect variations in the luminous intensity of the
plasma indifferent optical bands, dispose on either side of
the stiffener; the optical sensors of the two groups being
identical, on the one hand the measurement signals supplied
by a first pair of identical sensors and on the other hand the
measurement signals supplied by the second pair of 1dentical
sensors are added; the one of the sums 1s divided by the other
of the two sums, and an insuflicient welding seam width 1s
detected, when the result of the division 1s less than a fourth
predefined threshold.

7. Amethod according to claim 1, applied to edge-to-edge
welding of two metal plates using a single laser beam,
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wheremn at least two optical sensors are used that detect
variations 1n the luminous mtensity of the plasma in different
optical bands, the one measurement signal 1s divided by the
other measurement signal of the measurement signals sup-
plied by two of the sensors and an insufficient thickness of
the welding seam 1s detected, when the result obtained 1s less
than a first threshold and an absence of welding, when the
result 1s greater than a second threshold, greater than the
first.

8. A method according to claim 1, wherein the measure-
ment signals are acquired by means of a group of three
sensors (C1, C2, C3; C4, C§, C5), the sensors of each group
detecting the variations 1n luminous emission of the plasma
in a principally ultraviolet frequency band, a principally
visible frequency band, and a principally infrared frequency
band, respectively.

9. Amethod according to claim 1, wherein optical sensors
are used (C1, C2, C3; C4, C5, C6) are used each comprising
a fiberoptic (16-1 to 16-6), of whose first end is arranged in
proximity to the welding region, an optical filter (18-1 to
18-6) is disposed in the extension of the second end of the
fiberoptic and a photodiode (20-1 to 20-6) is disposed facing
the second end of the fiberoptic, on the other side of the filter.

10. A method according to claim 9, wherein the first end
of the fiberoptic 1s disposed approximately 10 cm form the
welding region.

11. A method according to claim 1, wherein a supplemen-
tary measurement signal i1s obtained by means of another
optical sensor (C7), detecting variations in thermal energy of
the welding seam 1n back of the welding region.

12. A method according to claim 11, wherein the other
optical sensor (C7) comprises another fiberoptic (16-7),
whose first end 1s disposed behind the welding region and
oriented towards the welding seam and a photodiode (20-7)
sensible to thermal radiation 1s arranged 1n the extension of
the second end of the other fiberoptic.

13. A method according to claim 12, wherein the first end
of the other fiberoptic (16-7) is disposed at a distance of
between approximately 10 cm and 20 cm from the welding,
region.

14. A method according to claim 12, wherein an optical
focusing means (22-7) is arranged at the first end of the other
fiberoptic (16-7).

15. A method according to claim 1, wherein the measure-
ment signals are combined and are compared to said pre-
defined thresholds after said signals have been acquired in
real-time for the welding seam being considered.

16. A method according to claim 15, wherein the mean,
the standardized mean, then the standard deviation of each
measurement signal 1s calculated and a qualitative welding
irregularity 1s diagnosed, when the standard deviation
exceeds a predefined value.

17. A method according to claim 16, wherein the mean of
cach measurement signal 1s compared to the previous means
of said signal recorded for a given number of welding scams
inspected previously and a deterioration 1n the measurement
apparatus 1s diagnosed, when the mean of the signal has
shifted by at least about 30% relative to the previous means.

18. A method for detecting and 1dentification of defects at
the time of realizing a welding seam (6) by means of a laser
beam (14) forming a plasma in a welding region, according
to which at least two measurement signals are acquired in
real time, said signals bemng supplied by distinct optical
sensors (C1 to C6) that detect the variations in luminous
intensity of the plasma, characterized 1n that the measure-
ment signals are combined by applying to them at least one
mathematical operator suitable for detecting a correspond-
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ing defect, 1n order to obtain at least one combined signal;
cach combined signal 1s compared to a predefined threshold
and the presence or absence of a defect 1s diagnosed that
corresponds to each mathematical operator according to the
result of the comparison;

wherein the mathematical operator 1s chosen from the

ogroup comprising addition, subtraction, multiplication,
division and a combination thereof;

wheremn the method 1s applied to welding of a stiffener

(12) onto a metal plate (1) using two laser beams (14)
arranged on either side of the stiffener, wherein two
groups of at least one optical sensor (C1, C2, C3, (4,
C5, C6) are used and disposed on either side of the
stiffener; said optical sensors of the two groups being,
identical, the measurement signals supplied by one
sensor of each group are added and the presence of an
insufficient interpenetration of the welding seams
owing to insuflicient laser beam power i1s detected
when the result 1s lower than a predefined first thresh-
old.

19. A method for detecting and 1dentification of defects at
the time of realizing a welding seam (6) by means of a laser
beam (14) forming a plasma in a welding region, according
to which at least two measurement signals are acquired in
real time, said signals being supplied by distinct optical
sensors (C1 to C6) that detect the variations in luminous
intensity of the plasma, characterized 1n that the measure-
ment signals are combined by applying to them at least one
mathematical operator suitable for detecting a correspond-

ing defect, 1n order to obtain at least one combined signal;
cach combined signal 1s compared to a predefined threshold
and the presence or absence of a defect 1s diagnosed that
corresponds to each mathematical operator according to the
result of the comparison;

wheremn the mathematical operator 1s chosen from the
group comprising addition, subtraction, multiplication,
division and a combination thereof;
wherein the method 1s applied to welding of a stiffener
(12) onto a metal plate (10) using two laser beams
arranged on either side of the stiffener, wherein two
groups of at least two optical sensors (C1, C2, C3; C4,
CS, C6) are used and detecting variations in luminous
intensity of the plasma 1n ditferent optical bands; said
optical sensors of the two groups being identical, the
measurement signals supplied on the one hand by a first
pair of identical sensors are added and on the other
hand the measurement signals supplied by a second
pair ol identical sensors are added; the one sum 1s
multiplied by the other sums so obtained and an 1nad-
cquate 1interpenectration of the welding seams 1s
detected, which due to a defect other than 1nsuthicient
laser beam power, when the result 1s greater than a
predefined second threshold.
20. Amethod according to claim 18, applied to welding of
a stiffener (12) onto a metal plate (10) using two laser beams
arranged on either side of the stiffener, wherein two groups
of at least two optical sensors (C1, C2, C3; C4, C5, C6) are
used and detecting variations 1n luminous intensity of the
plasma 1n different optical bands; said optical sensors of the
two groups being identical, the measurement signals sup-
plied on the one hand by a first pair of 1dentical sensors are
added and on the other hand the measurement signals
supplied by a second pair of 1dentical sensors are added; the
one sum 1s multiplied by the other sums so obtained and an
inadequate 1nterpenetration of the welding seams 1s
detected, which due to a defect other than insufficient laser
beam power, when the result 1s greater than a predefined
second threshold.
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21. A method according to claim 18, apphed to soldering
of a stiffener (12) onto a metal plate (10) using two laser
beams (14) arranged on either side of the stiffener, the
stiffener and the metal plate being positioned 1n advance

relative to each other by welding points, wherein two groups
of at lest one optical sensor (C1, C2, C3; C4, C5, C6) are

used and disposed on either side of the stiffener, the one of
the two groups of optical sensors of being identical, the
measurement signals supplied by two 1dentical sensors being
divided by each other and the presence of previously posi-
tioned welding points being detected as deficient, when the
result 1s greater than the third predefined threshold.

22. A method according to claim 19, apphed to soldering
of a stiffener (12) onto a metal plate (10) using two laser
beams (14) arranged on either side of the stiffener, the
stiffener and the metal plate being positioned 1n advance

relative to each other by welding points, wherein two groups
of at lest one optical sensor (C1, C2, C3; C4, C5, C6) are
used and disposed on either side of the stiffener, the one of
the two groups of optical sensors of being identical, the
measurement signals supplied by two 1dentical sensors being
divided by each other and the presence of previously posi-
tioned welding points being detected as deficient, when the
result 1s greater than the third predefined threshold.

23. Amethod according to claim 18, applied to welding of
a stiffener (12) onto a metal plate (10) using two laser beams
(14) placed on either side of the stiffener, wherein two
groups of at least two sensors (C1, C2, C3; C4, C5, C6) are
used that detect variations i the luminous intensity of the
plasma 1n different optical bands, dispose on either side of
the stiffener; the optical sensors of the two groups being
identical, on the one hand the measurement signals supplied
by a first pair of 1dentical sensors and on the other hand the
measurement signals supplied by the second pair of identical
sensors are added; the one of the sums 1s divided by the other
of the two sums, and an insufficient welding seam width 1s
detected, when the result of the division 1s less than a fourth
predefined threshold.

24. A method according to claim 19, applied to welding of
a stiffener (12) onto a metal plate (10) using two laser beams
(14) placed on either side of the stiffener, wherein two
groups of at least two sensors (C1, C2, C3; C4, C5, C6) are
used that detect variations 1 the luminous intensity of the
plasma 1n different optical bands, dispose on either side of
the stiffener; the optical sensors of the two groups being
identical, on the one hand the measurement signals supplied
by a first pair of 1dentical sensors and on the other hand the
measurement signals supplied by the second pair of identical
sensors are added; the one of the sums 1s divided by the other
of the two sums, and an insufficient welding seam width 1s
detected, when the result of the division 1s less than a fourth
predefined threshold.

25. Amethod for detecting and 1dentification of defects at
the time of realizing a welding seam (6) by means of a laser
beam (14) forming a plasma in a welding region, according
to which at least two measurement signals are acquired in
real time, said signals bemng supplied by distinct optical
sensors (C1 to C6) that detect the variations in luminous
intensity of the plasma, characterized in that the measure-
ment signals are combined by applying to them at least one
mathematical operator suitable for detecting a correspond-
ing defect, in order to obtain at least one combined signal;
cach combined signal 1s compared to a predefined threshold
and the presence or absence of a defect 1s diagnosed that
corresponds to each mathematical operator according to the
result of the comparison;

wherein the method 1s applied to edge-to-edge welding of
two metal plates using a single laser beam, wherein at
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least two optical sensors are used that detect variations
in the luminous intensity of the plasma in different
optical bands, the one measurement signal 1s divided by
the other measurement signal of the measurement sig-
nals supplied by two of the sensors and an insuificient
thickness of the welding seam 1s detected, when the
result obtained 1s less than a first threshold and an
absence of welding, when the result 1s greater than a
second threshold, greater than the first.

26. A method according to claim 18, wherein the mea-
surement signals are acquired by means of a group of three
sensors (C1, C2, C3; C4, C§, C6), the sensors of each group
detecting the variations 1n luminous emission of the plasma
in a principally ultraviolet frequency band, a principally
visible frequency band, and a principally infrared frequency
band, respectively.

27. A method according to claim 19, wherein the mea-
surement signals are acquired by means of a group of three
sensors (C1, C2, C3; C4, C5, C6), the sensors of each group
detecting the variations 1n luminous emission of the plasma
in a principally ultraviolet frequency band, a principally
visible frequency band, and a principally infrared frequency
band, respectively.

28. A method according to claim 2§, wherein the mea-
surement signals are acquired by means of a group of three
sensors (C1, C2, C3; C4, C§, C6), the sensors of each group
detecting the variations 1n luminous emission of the plasma
in a principally ultraviolet frequency band, a principally
visible frequency band, and a principally infrared frequency
band, respectively.

29. A method according to claim 18, wherein opftical
sensors are used (C1, C2, C3; C4, C5, C6) are used each
comprising a fiberoptic (16-1 to 16-6), of whose first end is
arranged 1n proximity to the welding region, an optical filter
(18-1 to 18-6) is disposed in the extension of the second end
of the fiberoptic and a photodiode (20-1 to 20-6) is disposed
facing the second end of the fiberoptic, on the other side of
the filter.

30. A method according to claim 19, wherein optical
sensors are used (C1, C2, C3; C4, C5, C6) are used each
comprising a fiberoptic (16-1 to 16-6), of whose first end is
arranged 1n proximity to the welding region, an optical filter
(18-1 to 18-6) is disposed in the extension of the second end
of the fiberoptic and a photodiode (20-1 to 20-6) is disposed
facing the second end of the fiberoptic, on the other side of
the filter.

31. A method according to claim 25, wherein opftical
sensors are used (C1, C2, C3; C4, C5, C6) are used each
comprising a fiberoptic (16-1 to 16-6), of whose first end is
arranged 1n proximity to the welding region, an optical filter
(18-1 to 18-6) is disposed in the extension of the second end
of the fiberoptic and a photodiode (20-1 to 20-6) is disposed
facing the second end of the fiberoptic, on the other side of
the filter.

32. A method according to claim 29, wherein the first end
of the fiberoptic 1s disposed approximately 10 cm form the
welding region.

33. A method according to claim 30, wherein the first end
of the fiberoptic 1s disposed approximately 10 cm form the
welding region.

34. A method according to claim 31, wherein the first end
of the fiberoptic 1s disposed approximately 10 cm form the
welding region.

35. A method according to claim 18, wherein a supple-
mentary measurement signal 1s obtained by means of
another optical sensor (C7), detecting variations in thermal
energy of the welding seam 1n back of the welding region.
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36. A method according to claim 19, wherein a supple-
mentary measurement signal 1s obtained by means of
another optical sensor (C7), detecting variations in thermal
energy of the welding seam 1n back of the welding region.

37. A method according to claim 25, wherein a supple-
mentary measurement signal 1s obtained by means of
another optical sensor (C7), detecting variations in thermal
energy of the welding seam 1n back of the welding region.

38. A method according to claim 35, wherein the other
optical sensor (C7) comprises another fiberoptic (16-7),
whose first end 1s disposed behind the welding region and
oriented towards the welding secam and a photodiode (20-7)
sensible to thermal radiation 1s arranged 1n the extension of
the second end of the other fiberoptic.

39. A method according to claim 36, wherein the other
optical sensor (C7) comprises another fiberoptic (16-7),
whose first end 1s disposed behind the welding region and
oriented towards the welding seam and a photodiode (20-7)
sensible to thermal radiation 1s arranged 1n the extension of
the second end of the other fiberoptic.

40. A method according to claim 37, wherein the other
optical sensor (C7) comprises another fiberoptic (16-7),
whose first end 1s disposed behind the welding region and
oriented towards the welding seam and a photodiode (20-7)
sensible to thermal radiation 1s arranged 1n the extension of
the second end of the other fiberoptic.

41. A method according to claim 38, wherein the first end
of the other fiberoptic (16-7) is disposed at a distance of
between approximately 10 cm and 20 cm from the welding
region.

42. Amethod according to claim 39, wherein the first end
of the other fiberoptic (16-7) is disposed at a distance of
between approximately 10 cm and 20 ¢cm from the welding
region.

43. Amethod according to claim 40, wherein the first end
of the other fiberoptic (16-7) is disposed at a distance of
between approximately 10 cm and 20 cm from the welding,
region.

44. A method according to claim 38, wherein an optical
focusing means (22-7) is arranged at the first end of the other
fiberoptic (16-7).

45. A method according to claam 39, wherein an optical
focusing means (22-7) is arranged at the first end of the other
fiberoptic (16-7).

46. A method according to claim 40, wherein an optical
focusing means (22-7) is arranged at the first end of the other

fiberoptic (16-7).
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47. A method according to claim 18, wherein the mea-
surement signals are combined and are compared to said
predefined thresholds after said signals have been acquired
in real-time for the welding seam being considered.

48. A method according to claim 19, wherein the mea-
surement signals are combined and are compared to said
predefined thresholds after said signals have been acquired
in real-time for the welding seam being considered.

49. A method according to claim 25, wherein the mea-
surement signals are combined and are compared to said
predefined thresholds after said signals have been acquired
in real-time for the welding seam being considered.

50. A method according to claim 41, wherein the mean,
the standardized mean, then the standard deviation of each
measurement signal 1s calculated and a qualitative welding
irregularity 1s diagnosed, when the standard deviation
exceeds a predefined value.

51. A method according to claim 42, wherein the mean,
the standardized mean, then the standard deviation of each
measurement signal 1s calculated and a qualitative welding
irregularity 1s diagnosed, when the standard deviation
exceeds a predefined value.

52. A method according to claim 43, wherein the mean,
the standardized mean, then the standard deviation of each
measurement signal 1s calculated and a qualitative welding
irregularity 1s diagnosed, when the standard deviation
exceeds a predefined value.

53. A method according to claim 44, wherein the mean of
cach measurement signal 1s compared to the previous means
of said signal recorded for a given number of welding seams
inspected previously and a deterioration in the measurement
apparatus 1s diagnosed, when the mean of the signal has
shifted by at least about 30% relative to the previous means.

54. A method according to claim 45, wherein the mean of
cach measurement signal 1s compared to the previous means
of said signal recorded for a given number of welding seams
inspected previously and a deterioration in the measurement
apparatus 1s diagnosed, when the mean of the signal has
shifted by at least about 30% relative to the previous means.

55. A method according to claim 46, wherein the mean of
cach measurement signal 1s compared to the previous means
of said signal recorded for a given number of welding seams
inspected previously and a deterioration 1n the measurement
apparatus 1s diagnosed, when the mean of the signal has
shifted by at least about 30% relative to the previous means.
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